INTRODUCTION
Hyperalgesia may be defined as a state of increased intensity of pain sensation induced by either noxious or ordinarily non-noxious stimulation of peripheral tissue. Hyperalgesia occurs in both superficial and deep tissues, in areas with pain thresholds that are normal, lowered or raised (1, 2) . As seen at the bedside there are apparently several varieties of hyperalgesia, and few clinical phenomena are more difficult to understand and to evaluate. The literature on the subject includes work of a distinguished roster of investigators (3) (4) (5) (6) (7) (8) . As a result of these studies two classes of hyperalgesia have been loosely formulated, namely, that occurring at the site of injury, and that associated with the injury but occurring in undamaged tissue. Failure to outline clearly the characteristics of these two varieties of hyperalgesia has resulted in a controversy as regards the alterations responsible for the hyperalgesia occurring in undamaged tissue. One group holds that this hyperalgesia is attributable to changes in the periphery, whereas the other maintains that changes in the central nervous system are responsible. Due to the lack of quantitative methods of measuring perception, progress has been slow in clarifying an understanding of the underlying mechanisms.
This communication is concerned primarily with that cutaneous hyperalgesia occurring in undamaged tissues adjacent to and at some distance from the site of an injury or a site of noxious stimulation.
SUBJECTS AND METHODS
The subjects for these experiments were for the most part the three authors, but also included from time to time were 10 other trained observers and 10 women who were being investigated for patency of the Fallopian tubes.
The methods used depended on the nature of the question asked, and include many of the technics used by Lewis and others for producing and studying experimental hyperalgesia. Hyperalgesia was induced on the volar surface of the forearm by the following means: a) Ultraviolet light from a lamp was applied for 11 minutes at a distance of 20 cm. over an area of skin 4 cm. by 6 cm. b) High intensity thermal radiation (440 to 500 mc./ sec./cm.2 for six to ten seconds) was applied on an area of skin 1.5 cm. in diameter which had been previously blackened with India ink. c) A small area (approximately 3 cm.') of skin was infiltrated with procaine, 1%. When anesthesia had developed the skin was stimulated with faradic current at 24 volts for ten minutes.
d) An anterior branch of the external cutaneous nerve was located by light stimulation with faradic current. The nerve was then stimulated at this point through the skin by faradic current at 24 volts for two minutes.
e) A small area of skin was crushed by means of forceps.
If) Three-tenths of a cc. of 6% saline was injected into the intraspinous ligament. g) Ten women, patients of the Sterility Clinic of the New York Hospital, volunteered to be studied. Following insufflation of the Fallopian tubes with CO2 there frequently developed a hyperalgesia and referred pain in the shoulder area, as a result of the escape of CO. into the peritoneal cavity and irritation of the peritoneum over the central portion of the diaphragm.
h) In two of the authors there was the opportunity of observing spontaneous hyperalgesias, one associated with an infection in the ear and the other with an injury of the back.
i) Histamine was iontophoresed into a 3 cm.' area of skin on the volar surface of the forearm at a current of 0.25-0.6 volts for ten minutes.
The following methods were employed for the study of hyperalgesic skin areas: a) The occurrence and area of hyperalgesia were ascertained by lightly tapping the skin with a pin attached to a stick 14 cm. in length.
b) The pain threshold was ascertained by focussing radiant energy from a 500 watt bulb onto the blackened skin of the subject through a shutter regulated to open for three seconds (9) . The amount of heat in millicalories per second per square centimeter of skin required to evoke the first perceptible sensation of pricking pain was measured. Pain thresholds to mechanical stimulation were also ascertained by the use of calibrated von Frey hairs. 115 c) Altered sensibility to thermal radiation of hyperalgesic skin was ascertained by exposing the blackened areas of skin to thermal radiation above the pain threshold, and comparing the resultant pain with that induced by the same stimulus in control areas. This measurement is based upon previous observation that there are 21 discriminable steps in pain intensity between pain threshold and ceiling intensity of pain (10) . The latter is that intensity of pain beyond which additional amounts of stimulus evoke no further increase in the intensity of pain sensation. Two of these discriminable steps Pain thresholds and pain sensibility were ascertained on both forearms after which areas 4 by 6 cm. on the right forearm (of three subjects in seven series of observations) were irradiated with ultraviolet light. Four to five hours afte: the exposure, sharply defined areas of erythema and hyperalgesia became evident, increased in intensity during the next 24 hours, and thereafter subsided gradually.
Twenty-four hours after the irradiation (see arm on right, Figure 1 ) the pain thresholds measured in the erythematous areas were half what they had been before exposure. Thus, whereas 220 mc./sec./cm.2 elicited threshold pain in con- in the erythematous areas; Also, ordinarily nonnoxious stimuli such as resulted from stroking the skin with blunt objects, pressure of the sleeve, or contact with warm water caused the subjects to complain of burning pain. Furthermore, as seen in Figure 2 , pain sensibility in this area was altered. A stimulus intensity of 220 mc. which before exposure to the ultraviolet light induced threshold pain now induced a pain of 4 dol intensity. Since 1 dol of pain represents two distinguishable steps in pain intensity, this may be said to be an eight-fold increase in "sensibility." Similar (2) have been able to demonstrate that many dermatological patients with a variety of skin lesions do not exhibit lowering of the pain threshold. It is necessary to infer that the products of injury repeatedly mentioned in this thesis, which result in lowering of pain threshold in the zone of primary hyperalgesia are specific and in no sense the inevitable accompaniments of tissue damage.
The above described experiments focus attention on the essential characteristics of primary hyperalgesia. These are:
1) Sharply defined identical areas of erythema and hyperalgesia. In Figure 1 on the right is shown the hyperalgesia following ultraviolet irradiation. The areas of the burn, the erythema and the primary hyperalgesia are identical.
2) A lowered pain threshold occurred in the area of primary hyperalgesia resulting in an increased sensitivity to ordinarily non-noxious stimuli.
3) Primary hyperalgesia disappears gradually as healing proceeds, and may indeed in some instances be detectable for several weeks following injury.
OBSERVATIONS ON THE CHARACTERISTICS OF HY-PERALGESIA IN UNDAMAGED SKIN AREAS AT A  DISTANCE FROM A SITE OF SKIN INJURY  (SECONDARY HYPERALGESIA) A. Production of secondary hyperalgesia Observation 1 In 36 series of observations on three subjects and in three observations on a fourth subject, the forearms were injured by exposure to thermal radiation. A 10 dol pain was experienced during the latter three seconds of the exposure. In the ensuing 10-15 minutes a bleb became evident at the site of injury. Gradually there developed an area in which pin prick was experienced as sharper and longer lasting than in surrounding areas. This zone of secondary hyperalgesia spread itself over the volar surface of the forearm in a tongue-shaped area, much more proximally than distally. It reached its maximum extent of 8 to 20 cm. proximally, 2 to 5 cm. distally, and 5 to 10 cm. laterally (at its greatest width) in approximately 15 to 60 minutes, thus to remain for varying periods of two to 48 hours. The development of a typical area of secondary hyperalgesia following a burn is shown in Figure 3 (A).
Characteristically the hyperalgesia which developed from a skin injury on the volar surface of the middle forearm was that of a tongue-shaped island which was developed eccentrically from the site of the injury. Distal development was slower, and was first to disappear as the hyperalgesia receded. Lateral spread was also slower than proximal. Grossly the shape of the hyperalgesia was the shape of the forearm, the wider portion corresponding to the wider portion of the extremity. (The hyperalgesic zones corresponded in general with the segmental dermatomes de- scribed by Foerster [12, 13] , by Head [14] , by Richter [15] , and recently by Keegan [16] .)
Following thermal irradiation of equal intensity and duration producing apparently equal injuries there was a marked variability in the rate of development and increased sensibility of the zones of secondary hyperalgesia. When injuries were made in close proximity, the rate of development of the hyperalgesia was faster, and the "increased sensibility" more marked, than occurred as the result of one injury. Thus in broad terms the area, speed of development, intensity and duration of hyperalgesia were greater when tissue damage was greater.
The secondary hyperalgesia disappeared spontaneously at varying times following skin injury from burning but in no instance lasted more than 48 hours, whereas primary hyperalgesia (tenderness at the site of injury) persisted for several weeks until the healing process was completed.
Whether the stimulus used to cause skin injury was thermal radiation, faradic current, or pinching by forceps, the hyperalgesia that developed was essentially similar to that described above. More than 400 series of observations on such experimentally induced secondary hyperalgesia have been made, and facts concerning onset, speed of development and area of hyperalgesia were in complete accord with the observations made by Lewis (7, 8, 17) .
Comment. In 1936 Sir Thomas Lewis put forward the hypothesis that the hyperalgesias that we have termed primary and secondary hyperalgesia have a common origin, i.e., the release of a stable pain substance in the tissues in close proximity to the pain fiber terminations, resulting in lowering of the pain threshold.
B. Pain threshold and pain sensibility in areas of secondary hyperalgesia Observation 1 Pain threshold to thermal stimulation Over 200 measurements of pain threshold were made by the radiant heat method in areas of secondary hyperalgesia. The hyperalgesic areas so studied were associated with experimentally induced skin injuries and deep noxious stimulation, as well as with infections and injuries in patients. Control observations of pain threshold were made in adjacent and contralateral areas of skin. These pain thresholds were observed to be the same in every instance although threshold pain in the areas of secondary hyperalgesia was experienced as more intense and longer lasting than threshold pain in control areas.
Comment. These observations are in agreement with previous measurements of the pain threshold by the thermal radiation method (1), but they are in apparent contradiction to the general observation that light touch stimuli can evoke pain in zones of hyperalgesia.
This latter observation has led many observers in the past to believe that the threshold for pain in zones of secondary hyperalgesia must be lowered.
Indeed, in our own experiments, drawing a wisp of cotton across the hyperalgesic area gave rise to a vivid sensation of touch commingled with pain. Also, pin pricks were perceived as much sharper and longer lasting than in control areas. Nevertheless the pain threshold to thermal stimuli was unaltered in zones of secondary hyperalgesia. These In ten series of observations on three subjects calibrated von Frey hairs were used to test the skin on the volar surface of the forearms. An area of secondary hyperalgesia was induced in one arm, and the other arm was used as a control. The force required to elicit minimal sensation in the control arm was found to be 0.9 to 1.3 gm. The sensation elicited was light touch, with pricking pain also occurring in at least 10% of the trials.
In the zone of hyperalgesia no sensation was elicited by a force less than 0.9 gm. However, pricking pain was elicited in every trial in which any sensation was evoked and this sensation was more intense and was longer lasting than on the control arm.
Comment. It is concluded that in normal skin the thresholds for touch and for pain from mechanical stimulation closely approximate each other; in accord with the older observations of von Frey (18) and the more recent studies of Bishop (19) . Furthermore, the pain threshold from mechanical stimulation is not lowered in areas of secondary hyperalgesia. However, in areas of secondary hyperalgesia threshold pain is more intense and thus more easily recognized than in control areas. As will be shown later, a threshold pain in an hyperalgesic area is more than twice as intense as in a control area. Thus, the evidence regarding the unaltered pain thresholds in zones of secondary hyperalgesia for both mechanical and thermal stimulation is in agreement. The inference of earlier observers that pain oI threshold in zones of secondary hyperalgesia must be lowered, resulted from a confusion of two independent entities, i.e., pain threshold and pain sensibility. As pointed out previously, in areas of primary hyperalgesia these two entities are predictably and inversely related, i.e., as pain threshold is lowered pain sensibility is increased and vice versa. However, this relationship cannot be assumed to apply to secondary hyperalgesia and indeed has been demonstrated to be absent, i.e., in areas of secondary hyperalgesia pain sensibility may be much increased with no change in pain threshold.
Observation 3
Altered sensibility of pain from mechanical stimulation in areas of secondary hyperalgesia. Using calibrated von Frey hairs in the manner described, the sensations evoked in normal and hyperalgesic skin areas were compared. A given number of reports of sensation in a given number of stimulus trials, i.e., 10 out of 20, was used arbitrarily as a basis of comparison.
Typical experimental results are shown in Figure 4 . Pain sensation was evoked in hyperalgesic areas in 10 out of 20 In one subject a third burn was made in the already hyperalgesic zone approximately midway between the first two burns. Testing of the hyperalgesia 20 minutes later did not reveal any further increase in required force on the control arm beyond that which was needed following the two burns.
Comment. These observations demonstrate that a stimulus when applied to hyperalgesic skin causes a more intense pain than when applied to control areas of skin. Also, pain evoked by von Frey hairs in hyperalgesic zones has a characteristic burning persistent quality. Two to ten fold increase in a mechanical stimulus intensity is required on the control skin to evoke a comparable intensity of sensation to that elicited on the hyperalgesic skin. This evidence demonstrates an increased pain sensibility in the hyperalgesic areas as compared to control areas.
When the hyperalgesia was striking, the above described features were evident with stimuli at or only slightly above threshold. On the other hand, when hyperalgesia was slight, contrasts with control areas were evident only with painful stimuli of moderately high intensity.
Observation 4 Increased "sensibility" of pain in deep structures associated with skin injury It was noted while the second and third injuries were being produced that not only was a burning sensation in the zone of skin injury experienced but as well a deep ache extending to the elbow and shoulder. The skin pain subsided rapidly after the burns were produced but four minutes later the subjects complained of aching sensations in the wrist, and in the ulnar side of the hand as well as in the shoulder.
Twelve minutes after the injuries the subjects noted that the entire arm felt "sore" from the wrist to the elbow. Fifteen minutes later they observed that when the arm was held immobile no sensation was experienced. When, however, the wrist was flexed they experienced pain of a deep aching quality and of 1 dol intensity in the entire forearm from wrist to elbow. Furthermore, there was a brief pain of 2 to 4 dol intensity experienced as the wrist was extended and before relaxation was complete. With immobilization spontaneous pain was again absent.
When hyperalgesic areas were stimulated by pin prick as far away as 15 to 20 cm. from the site of skin injury, it was repeatedly observed that pain in the injured skin when present was intensified, and if absent, could be revived.
Observation 5 Altered sensibility from thermal stimulation of hyperalgesic skin The exploration of the phenomenon of increased sensibility in zones of hyperalgesia is more satisfactory and accurate quantitatively with thermal stimulation than with touch, particularly as the intensity of the sensations evoked by thermal radiation can be compared on the dol scale of pain. The following data are taken from a series of 29 observations in four subjects.
In areas of experimentally induced secondary hyperalgesia on the forearm it was found that although the pain threshold was unchanged a stimu- Figure 5 ). Also, applying thermal stimulation simultaneously to both hyperalgesic and control areas, it required a stimulus intensity of 360 mc. on the control side to elicit an intensity of pain, i.e., 6½ dols, equal to that evoked by a 280 mc. stimulus in the hyperalgesic zone.
Comment. Although the "sensibility" as expressed in dols of pain is more than doubled in the hyperalgesic zone, the energy increase in the stimulus from 280 mc. to 360 mc. is only as 1: 1.25.
The ratio of stimulus intensities is a convenient means of expressing threshold changes (9) but it is not necessarily characteristic of sensory responses to supraliminal stimuli. The term "sensitivity" is generally understood to refer to the capability of the organism to respond to minimal stimulation and is measured in terms of the physical energy of the stimulus. Therefore "sensitivity" is reserved for threshold changes and should not be confused with sensory responses to stimuli above the threshold. It is basic to an understanding of hyperalgesic phenomena to clearly differentiate changes of pain threshold from changes in the appreciation of pain intensity, because these factors are not necessarily interdependent although they may both lead to the same apparent end, for example, tenderness in superficial, deep somatic and visceral tissues. It is suggested that the term "sensibility" as defined by Webster's unabridged dictionary, "capability of appreciating change," connotes the changes above threshold. In a given painful stimulus the skin of the hyperalgesic area gives rise to a more intense pain than does the skin of the control area whether the areas be tested with mechanical or thermal stimuli. This phenomenon represents an increased sensibility which for quantitative purposes can be defined as the ratio of the intensity of sensation evoked in the hyperalgesic area to that elicited by the same stimulus in control areas. Sensitivity, on the other hand, refers to the stimulus intensity evoking minimal sensation. Comparison of sensitivities can be expressed as the ratio of threshold stimulus intensity in a control area as compared to any other.
In the experiments using thermal radiation it was possible to compare the pain sensation in dols evoked by a given stimulus intensity in hyperalgesic and control areas (10). The "sensibility" thus observed in hyperalgesic areas was more than twice that of control areas.
The experiments with the von Frey hairs and with the pin prick stimulus agree with the estimations of sensibility made with the thermal radiation technic, i.e., an increase of several fold in intensity of sensation was appreciated when moving the hair or pin from control areas to hyperalgesic areas.
An important characteristic of secondary hyperalgesia is increased pain sensibility with a normal pain threshold.
C. Development of secondary hyperalgesia It has been proposed by Lewis (7, 8) and others (20) that the liberation in the skin of a "P" substance resulted in erythema, lowering of the pain threshold and secondary hyperalgesia.
Observation 1 Development following iontophoresis of histamine
In three series of experiments on three subjects histamine phosphate was iontophoresed into the skin on the volar surface of the forearm. A wheal 3 cm. in diameter was produced, and a flare 9 cm. by 8 cm. (see Figure 6 ). It was also noted that an area of secondary hyperalgesia developed 10 cm. proximal and 5 cm. distal to the wheal. Pain threshold measurements were made in the area of the wheal, and in four areas adjacent to the wheal within the zone of erythema ( Figure 6 ). The pain threshold in the area of the wheal was 155 to 180 mc./sec./cm2. and in the areas of erythema, 210 to 230 mc./sec./cm2. The area of the wheal, having a lowered pain threshold, was an area of primary hyperalgesia, and the area of the flare, although hyperalgesic, had a normal, or slightly raised pain threshold. A stimulus evoking 4 to 5 dol pain in normal control areas of skin, elicited a 6 to 7 dol pain throughout the area of secondary hyperalgesia, whether the skin was erythematous or not. This represented an increase of 2 dols in pain sensibility.
During faradic stimulation over a sensory nerve on the volar surface of the forearm a zone of "goose flesh" and sweating averaging 7 subsequently develops. In a series of three experiments on three subjects the pain threshold was measured in several areas in the zones of erythema following faradic stimulation. The thresholds in all instances were observed to be normal or slightly raised. Comment. In these experiments, the zone of secondary hyperalgesia contained the flare area, and there was no lowering of the pain threshold either in the flare, or in the more distant parts of the hyperalgesic zone. Thus, it must be concluded that there is no relation between the pain threshold and the axone reflex as evidenced by the presence of a flare. Furthermore, since increased pain sensibility was present throughout the zone of secondary hyperalgesia which included the area of reflex flare it cannot be assumed that this reflex activity is alone responsible for the hyperalgesia.
It is to be noted that the pain threshold is lowered in the area of the wheal. Thus the presence of an irritant substance such as histamine in the skin, induces a local primary hyperalgesia, associated with a secondary hyperalgesia in adjacent skin areas.
In an effort to demonstrate the release of a pain substance Lewis stimulated a cutaneous nerve distal to a procaine block of this nerve, under which circumstance he expected the elaboration of pain substance in the distribution of the nerve. He reported that immediately upon disappearance of the analgesic action of the procaine, hyperalgesia appeared full-blown. Stimulation of the nerve proximal to the block was reported to evoke no hyperalgesia and this was attributed to the fact that no pain substance had been released by a postulated system of "nocifensor" fibers. As these experiments of Lewis (7, 8, 17) were among the most important supporting his concept of such a "nocifensor" system, it seemed important to repeat them, paying particular attention to sensations elicited in the distribution of the cutaneous nerve following its stimulation through the skin. Figure 8 . In the first instance the cutaneous nerve was blocked at NB, 1 cm. distal to the point of stimulation in six experiments in two subjects. The broken line indicates the zone of anesthesia resulting from the procaine infiltration about the nerve. The nerve was stimulated by faradic current for two minutes at S. The development of hyperalgesia progressed as shown, and when the effects of the procaine were dissipated, extended for 5 cm. distal to the point of stimulation.
In B the nerve was similarly infiltrated with procaine at NB and stimulated 3 cm. proximally in six experiments in two subjects. The Lewis' experiments cannot be considered crucial in respect to the liberation of a substance in the periphery as they admit of other explanations.
In short these experiments involving stimulation of nerve fibers demonstrate that the ensuing hyperalgesia does not depend in most instances upon the effects of stimulation of the fibers of passage in the nerve trunks. Indeed, to the extent to which these nerve trunks are injured by the noxious stimulation, hypoalgesia rather than hyperalgesia is exhibited in the skin supplied by these fibers. Thus, the resultant changes in peripheral sensation are a combination of the effects of procaine and of nerve injury and are far more complicated than Lewis conceived of when he designed the experiment.
Although Lewis uses the experiments of Foerster (12) in stimulating the distal stump of a sectioned sensory nerve and the production of pain in support of the hypothesis of nocifensor nerves, it has been observed by Pool (21) that stimulation of fibrous remains of a nerve eight months after section also causes burning pain in the general distribution of the sectioned nerve. Thus it is clear that fibers of passage in the distal stump are not necessary to the production of the described pain. It is likely that the fibrous distal remnant of the sectioned nerve and the blood vessels within or surrounding it are supplied by twigs from adjacent intracutaneous sensory nerves and that the latter are responsible for the sensation experienced and referred to the denervated tissue.
Observation 5
Secondary hyperalgesia resulting from prolonged minimally painful or non-painful stimulation of the skin
The skin was exposed to thermal radiation in an area of 1.5 cm.2 and with a stimulus intensity sufficient to induce no more than threshold to 1 dol pain (See Figure 9) . In order to maintain the pain at 1 dol it was necessary to alter the stimulus intensity constantly. The adjacent area of skin was repeatedly tested with pin pricks, in order to detect the development and define the spread of hyperalgesia. It was first clearly evident at seven minutes (see A, Figure 9 ) and continued to increase in size and intensity during 21 minutes (see C, Figure 9 ). At this time the hyperalgesia had extended 10 cm. proximally and 5 cm. distally and was approximately of the same extent as occurs after a first or second degree burn. With termination of the stimulation the hyperalgesia receded at an exceedingly rapid rate and could be no longer detected within a few seconds (point D, Figure 9 ). There was no obvious change in the appearance of the skin, with the Another important demonstration of the latent period in the development of hyperalgesia is seen in the experiment to follow, using procaine to interfere with afferent impulses from the periphery. Thus when the skin has been injured in an area which has been thoroughly anesthetized, either by local infiltration of procaine or by nerve block, and the skin in the vicinity has been repeatedly tested by pin prick for the development of hyperalgesia, the hyperalgesia does not begin to develop until "pin prick sensation" returns to the procainized area. Secondly, the hyperalgesia does not appear full-blown when its presence is first detected, but instead is first noted close to the injured area. It then gradually spreads after the return of sensation to the area of injury in the same manner as hyperalgesia develops following tissue damage without previous anesthesia. Thirdly, the hyperalgesia thus fully developed may be promptly eliminated by again anesthetizing the injured area or by nerve block, only to recur after the sensation is again reestablished (Figure 10 ). The experimental evidence for these inferences stem from the observations of Lewis and the following experiments, representing a total of 22 series of observations on four subjects. It is inferred from these experiments that the barrage of noxious impulses from the site of injury develops in the cord a segmental central excitatory state. Immediately upon barring the flow of noxious impulses into the cord, some process causes a rapid discharge of the excitatory state ( Figure 12 ). The character of this force is not understood.
Observation 8 Development of hyperalgesia in relation to circulation
To ascertain to what extent the development or elimination of the hyperalgesia adjacent to skin injury was modified by blood or lymph flow, the following experiment was devised and performed in seven series of observations in three subjects. The blackened skin of the volar surface of the forearm was injured by thermal radiation at 450 mc. for six seconds and a minute thereafter a manometer cuff just above the elbow was inflated to 220 mm. Hg and thus left in place for 10 minutes, and then deflated. During the period of occlusion of the circulation, the skin was repeatedly examined for hyperalgesia. It was observed that the rate of development and the area of hyperalgesia differed in no remarkable way from that noted when the blood and lymph flow were intact. Twenty-two minutes later when the hyperalgesia was fully developed the cuff was again inflated to 220 mm. Hg, thus to remain in place for five minutes. During this five minute period procainization of the lesion caused prompt elimination of the hyperalgesia in a manner identical with that observed in other experiments when the blood flow was intact ( Figure 13 ).
In three additional experiments, tight elastic bands were put in place around the arm 1 cm. distal and 1 cm. proximal to the area of skin to be injured, and one minute before injuring the skin the manometer cuff was inflated to 200 mm. Hg. Under these conditions no movement of substances from the injured area by lymph or blood flow in deep or superficial vessels would be ex- Comment. It is inferred from the observations that humoral factors operate in no conspicuous way in the mechanism of development of secondary hyperalgesia or in its elimination by procaine block of the injured skin.
Observation 9
In two series of observations in two subjects methylene blue was infiltrated into the area of injured skin immediately after termination of the thermal stimulation (460 mc.-six seconds). An hour later when hyperalgesia was maximal, having spread over an area of 60 cm.2, the dye had not extended more than a few millimeters beyond the periphery of the injury. The rate and extent of diffusion of the dye into the skin adjacent to the, injury and the development of the area of hyperalgesia were in no way related.
Comment. It must be inferred from these observations that the secondary hyperalgesia is essentially neural in origin rather than humoral. These observations further support the thesis that it is the persistence of noxious impulses from peripheral tissue whether painful or non-painful which effects the development of secondary hyperalgesia. Furthermore, the maintenance of hyperalgesia is dependent upon this sustained barrage of afferent impulses.
Although the rate and area of development, and duration of hyperalgesia depend upon the amount of tissue damaged, there are peculiar temporal aspects of the phenomenon which call for consideration. Thus, regardless of the amount of damage within the experimental range, the development of hyperalgesia is not immediate. It seems to require a lapse of minutes after injury for the first manifestations to occur. As described above, noxious stimulation of low intensity, producing minimal tissue damage, produced hyperalgesia only when the stimulation was sustained for some time, that is, for at least 10 of the ninth dermatome in six experiments in four subjects was associated with a building up of an intense aching pain which spread into the chest and abdomen and gradually subsided in the subsequent three to five minutes. Each of the four subjects made essentially similar observations. In approximately 10 minutes after the initial injury there developed a surface hyperalgesia in the corresponding dermatome. Hyperalgesia was manifest by the fact that pin pricks were experienced as sharper and longer lasting than pricks of equal force in control areas on the opposite side. The pain threshold to thermal radiation remained unchanged. But, measured thermal stimuli which produced 3 to 4 dol pains respectively in control areas, produced 5 to 6 dol pains in the hyperalgesic areas ( Figure 14) . It was also reported by these subjects that the stimulus resulting from drawing a wisp of absorbent cotton across the hyperalgesic skin area produced a more vivid touch sensation in the hyperalgesic area than in control areas in corresponding dermatomes on the opposite side of the back. Indeed, in some regions the cotton also produced pain. Hyperalgesia thus produced, differed in no way from that which was secondary to the skin injury.
Observation 11 Hyperalgesia was produced by stimulating visceral afferents with bubbles of CO2 which accumu-AREA OF lated on the peritoneal surface of the diaphragm, following Ruben's test on ten subjects. Under these circumstances a deep pain was first experienced in the shoulder tip, to be followed soon by an area of hyperalgesia which could be demonstrated and roughly outlined as a circular area of approximately 7 to 8 cm. in diameter, by testing with pin prick. The hyperalgesia was usually on one side, but occasionally on both. In the latter case, suitable control areas in adjacent segments were selected for comparison. It was found that the thermal pain threshold was not lowered, but that, as in secondary hyperalgesias induced by other means and described above, the sensation of pain at threshold was more intense and longer lasting. Moreover, a stimulus producing a pain of 4 dol intensity in control areas, produced pain of 6 dol intensity in the hyperalgesic area (see Figure 15 ). Moreover, when the hyperalgesic area was mechanically stimulated by tapping with the finger or by gentle pressure, not only was local tenderness evoked, but the pain from the inflammation in the ear was markedly increased from an intensity of 1 dol to 4 dols. The pain threshold in the hlyperalgesic skin to thermal stimulation was the same as that in control areas, although pain sensibility was demonstrated to be two-to three-fold greater than on the control side.
Comment. The experiments cited above demonstrate that as regards the properties of cutaneous hyperalgesia it makes little difference whether the noxious source be from the skin, from deep somatic structures or from a viscus. If this identity be accepted, a real advantage is gained, since the study of surface hyperalgesia from skin injury is generally more convenient, being simpler to create experimentally and to manipulate. Hence, consideration of surface hyperalgesia secondary to skin injury is the focal point of this analysis.
D. Factors influencing secondary hyperalgesia Observation 1
Diminution of the area of hyperalgesia zeith pin prick Hyperalgesia was produced in a series of 11 experiments on eight subjects by faradic current applied over the anterior branch of the external cutaneous nerve. Subsequently the usual tongue shaped area of hyperalgesia developed and the following procedure was then undertaken. The ex-0: 0-i treme proximal border having been defined by pin pricks, the testing pin prick was then introduced 3 cm. into the hyperalgesic area (A, Figure  16 ). Immediately the testing pin was reintroduced beginning some distance proximal to the hyperalgesic zone and proceeding distally until the margin of hyperalgesia was again well defined. This procedure took 10 seconds from the time that the pricking began until the new border was defined (A, Figure 16 ). It was noted that the border of the hyperalgesic zone rapidly receded when the skin within the zone was stimulated by pin pricks (B and C, Figure 16 ). Each test procedure, separated from the last by three minutes, revealed that as one brought the pin prick within the hyperalgesic zone, the area of hyperalgesia became smaller and smaller. However, it never completely disappeared as there always remained a zone approximately 3 to 4 cm. in diameter surrounding the injured area. The peripheral hyperalgesia or that most distal from the site of injury was more labile and more readily dispelled by pin pricks in the hyperalgesic zone. That nearest the site of injury was far more stable and usually could not be eliminated by this procedure. It took from one to two minutes to reestablish itself after it had thus dwindled. Also, and even more strikingly, when the area within a diameter of 3 to 4 cm. from the injured site was stimulated for 10 seconds, the overall hyperalgesic zone greatly diminished, again requiring from one to two minutes to reestablish itself to its former borders (Figure 16 ).
Comment. The inference from this experiment is that noxious stimulation in the hyperalgesic area causes an immediate but temporary discharge of a part of a central excitatory state. The reestablishment of the previous extent of the hyperalgesia in the skin is relatively slow, although in the areas most adjacent to the injury hyperalgesia either persists, or is reestablished immediately. Thus of the entire neuron pool excited by noxious impulses from the periphery, the neurons closest to the involved peripheral afferents are excited most easily and persistently, giving rise to persistent hyperalgesia in the skin adjacent to the injury. The neurons in the fringe of the pool are less easily affected by the afferent barrage from the initial site of injury and give rise to a more labile hyperalgesic state.
Observation 2
Effect of temperatures and touch utponi secondary hyperalgesia Hyperalgesia was induced in three subjects by faradic stimulation for two minutes over a cutaneous nerve. The hyperalgesic zone including the site of injury was lightly sprayed with ethyl chloride at intervals of five to ten seconds for one minute, following the procedure developed by Travell (23, 24) . Immediately there was a complete elimination of the hyperalgesia for a period of two to three minutes. Also, pin prick in the formerly hyperalgesic area now was less sharp than on the control arm. It is inferred from this that a temporary hypoalgesia resulted from the local cooling action of the ethyl chloride. causing the disappearance of the hyperalgesia.
Cold water at 190 C. was poured over the hyperalgesic and the injured areas for 30 seconds, and again the hyperalgesia was temporarily eliminated and a hypoalgesia induced. The action of the cold water and the ethyl chloride spray were simlar in all respects and therefore are assumed to result from the same effect, i.e., an hpesthesia of the skin (Itle to cooling.
Water at 400 C. was poured over the hyperalgesic area for 30 seconds. This procedure not only did not eliminate the hyperalgesia. but temporarily increased its intensity. Since the warm water was slightly painful at the site of injury although not so in the area of secondary hyperalgesia, it is inferred that the changes in the hyperalgesia resulted from an increase in the barrage of noxious impulses from. the site of injury, thus increasing the intensity of the excitatory state.
Vigorous but not painful rubbing of the hyperalgesic arm for 10 seconds, and for 20 seconds also did not eliminate the hyperalgesia.
Gentle stroking of the hyperalgesic area with cotton wool for 20 seconds induced an intense tickle sensation but had no effect on the hyperalgesia. Comminent. These observations are in keeping with those of Travell and Rinzler (23, 24) as to the effectiveness of the ethyl chloride spray, and they point to the general conclusion that procedures which increase the noxious stimulation at the site of injury intensify hyperalgesia, whereas procedures decreasing the flow of noxious impulses from the site of injury, or the associated secondary hyperalgesia reduce or eliminate secondary hyperalgesia.
Observation 3
In three subjects two skin injuries 6 cm. apart were produced by thermal stimulation. Within five to ten minutes extensive and very marked hyperalgesia had developed as had been previously observed from two skin injuries. Sodium pentobarbital 0.2 gm. was then administered by mouth. The hyperalgesic zone persisted during the next hour and a half. At that time 30 cc. of 95%o alcohol in 200 cc. of ice water was ingested. Although the pain threshold was raised 35%c within half an hour, painful stimuli were still perceived as more intense in the hyperalgesic zone.
Commiiiient. In the amounts given in the above experiments sodium pentobarbital and ethyl alcohol had no observable effect on secondary hyperalgesia. However, the pain threshold was raised 35O% from which we infer that the central acting analgesic had no selective action on the neuron pool-concerned with the persistence of the hyperalgesia.
E. Spatial sum nation of pain in areas of secondary hyperalgesia The increased pain "sensibility" in zones of secondary hyperalgesia points to a summative effect of disturbances here with those arising from the injured area. Thus a critical experiment is that of ascertaining the presence or absence of spatial summation in areas of hyperalgesic skin.
Two types of spatial summative effects can be demonstrated for other sensations. They are: a) the threshold may be lowered by stimulating a larger area, as for example with temperature sensation (25) and vision (26) ; b) the threshold may not be lowered, but due to increased excitability at a ganglion cell in the neural pathway, facilitation may occur giving rise to a more intense effect for impulses that do reach the final common path as was demonstrated for vision by Hartline (27) and for motor function by Sherrington (28 Table I . There is no evidence of lowering of the pain threshold as the area stimulated is increased either in the control or hyperalgesic areas of skin. The skin is represented to the left in Figure 17 with an injured area innervated by a typical neuron subserving superficial pain; an area of secondary hyperalgesia is innervated by a similar neuron.
Pain neurons also are drawn in to represent those innervating structures below the skin surface. All neurons are assumed to enter a neuron 10ool in the dorsal horn, and there to make synaptic connections, as shown in the figure. This system of internuncial neurons is analagous to the nocifensor system of nerves which was pro--posed by Lewis, with the difference that the excitatorv state was assumed by Lewis to be in the skin rather than in the spinal cord (8) .
The production of secondary hyperalgesia is visualized as occurring in the following way. The skin is injured at the site of primary hyperalgesia and due to the state of hyperexcitability of the nerve endings in the skin as a result of the injury a steady barrage of noxious impulses enters the cord where they excite the network of internuncial neurons. If the barrage is great enough the impulses will pass over the intervening synapses of the primary pathway and give rise to sensation.
However, as has been shown experimentally pain from the site of noxious stimulation is not essential to the production of secondary hyperalgesia, and therefore the network of internuncials must 1)e assumed to be excited by subliminal stimuli. The excitation of the network induces in the pathwvav of other neurons states of excitation (shown by stippling in the figure) and as this excitation does not lower the pain threshold it is assumed that it is the tertiary neuron that is excited rather than the primary or secondary fibres. If now the skin is pricked in the area of secondary hyperal-. gesia, a burst of impulses passes into the cord and when reaching the tertiary neuron it is facilitated, giving rise to more intense sensation than usual. From such a network there would be expected no lowering of pain threshold in the region of secondary hyperalgesia but the intensification of pain sensation through. facilitation of impulses above the pain threshold. This sensation will also be longer lasting as the impulses from the zone of secondary hyperalgesia will serve to give additional excitation to the network and therefore prolong the sensory response. This prick will not spread to adjacent neurons but due to the increased excitation in the internuncial neurons there may sometimes occur a slight increase in sensation from the injured area. Indeed this has been found to 1)e the case, and the increase in sensation was alw\vays slight.
Obviously blocking by procaine impulses from the injured area or along the pathway of neurons subserving the area of primary hyperalgesia would allow the excitatory state in the internuncial network to subside and thereby eliminate the secondary hyperalgesia. The neurons in the more distant parts of the neuron pool may be less excited and therefore give rise to a more labile secondary hyperalgesia. Pricking the skin within this zone at its margins dissipates the hyperalgesia which is fully restored only after 60-90 seconds. Pricking has little effect in dissipating the secondary hyperalgesia very near the injured area. This indicates the discharge of the excited state in the more remote parts of the neuron pool which requires appreciable time for restoration and a more rapid restoring effect in the portion of the pool adjacent to the neurons from the injured skin.
An internuncial network of the type which has been assumed to exist also accounts satisfactorily for the observations on no lowering of the pain threshold, increased intensity of sensation and spatial summation in zones of secondary hyperalgesia. The interconnection of the neurons mediating superficial pain with those subserving deep pain through such a network provides for the observed interrelationships of these two types of pain. For example, the production of superficial hyperalgesia by The interplay between deep and superficial hyperalgesia has long been recognized. For example the association of superficial hyperalgesia with deep pain and the effects of anesthetization of the skin in modifying deep pain has caused confusion and controversy.
Though described many years ago (3) the phenomenon was given fresh interest by Weiss and Davis (35) and most recently by Travell and Rinzler (23) . These authors suggested that deep pain could be reduced or eliminated by anesthetization of the associated hyperalgesic areas of the skin. Anesthetization of the skin is reported to diminish the pain from underlying painful joints and muscles. Morley (36) reported that hyperalgesia of the skin over the shoulders from diaphragmatic irritation could be eliminated or reduced by anesthetization of the hyperalgesic area. Cohen (30) described patients who had had previous amputations near the shoulder on the left and who subsequently developed pain from myocardial insufficiency. Thus, in one patient, walking 150 yards on the level would invariably precipitate pain in the phantom, then in the neck, then a feeling of constriction in the chest, and choking. In the scar on his amputation stump was a small tender nodule which when pressed gave rise to sensations in the phantom similar to those experienced on exertion, and if pressure was continued, a complaint of constriction in the chest and pain in the neck as well. After procainization of the left brachial plexus the patient was able to walk 200 yards at the same rate before experiencing pain in the neck, chest and phantom, and only after 600 yards of walking did pain in the chest become intolerable and cause him to stop. Cohen also made the following observations.
Four patients with effort angina were blistered over areas of 4 square inches on the inner side of the right elbow, or in the right mammary region, sites where they had previously never experienced pain. WVhen their angina was precipitated by exertion, all complained of intensification of pain in the blistered areas. Furthermore, in three of these patients, hypertonic saline solution was injected into the back muscles 2 inches to the right of the fifth dorsal spine. Two hours later, when the pain so induced had passed, exertion caused its recurrence, though no pain in previous anginal attacks had been felt in this area.
These clinical experiments demonstrate clearly the facilitation of superficial sensation by deep noxious stimulation. Also, as the excitatory level in the internuncial network depends upon contributions both from the skin and the deeper structures, anesthetization of either will modify both the intensity and the extent of pain experienced.
On the other hand, Woollard, Roberts and Carmichael (37) demonstrated that the more intense pain resulting from direct phrenic nerve stimulation and experienced in the shoulder tip was in no way influenced by surface anesthetization of this area. Lewis (7) was not able to modify the pain of angina pectoris by anesthetization of the precordial skin nor was it possible for McLellan and Goodell (38) to alter the pain experience associated with ureteral distention by anesthetization of the skin in the area of pain on the anterior abdominal wall. Neither could pain resulting from duodenal distention be modified by anesthetization of the skin of the anterior abdominal wall (39) . Anesthetization of the skin over the calvarium (not hyperalgesic) in no way influenced the intensity of the headache resulting from intravenous histamine injection (40) . Also, anesthetization of a digit adjacent to a finger immersed in ice water did not modify the spread of pain (41) . It is noteworthy that painful stimulation in most of these experiments was short lived and hyperalgesia was minimal. In these experiments the spread of pain rather than secondary hyperalgesia was the important contribution of more distant structures to the pain experience. That is, the effects of impulses from the source of deep noxious stimulation spill over into the network of internuncial neurons, which serve the function of interrelating neurons from deeper structures ( Figure 17 ) thus giving rise to the development of an excitatory state in the internuncial networks which intercalate the deep and superficial structures. This latter as observed above, requires noxious stimulation for some minutes. Therefore, anesthetization of superficial structures would not be expected to modify in any .way the extent or intensity of the pain experienced.
Thus it was shown by Robertson, Goodell and Wolff (42) that when a tooth had been noxiously stimulated causing a local and short lived 8 to 10 dol toothache, followed in about 10 minutes by headache and superficial and deep hyperalgesia of the temporal region of the head, infiltration of procaine into the hyperalgesic skin and underlying soft tissues reduced the amount of discomfort and produced analgesia in the region although it did not eliminate the headache. When 
